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1. Summary 
• A simple sensitivity study was carried out by altering parameters, one at a time, to test the impact on 
two notional CO2 injection scenarios, particularly in relation to injectivity and containment. Both 
scenarios represented very large scale notional CCS projects, injecting 279 Mt and 631 Mt.  
• The simulation results indicate the permeability terms – including the vertical permeability in the Blocky 
Sandstone Reservoir and Transition Zone, and maximum relative permeability to CO2 – have the most 
significant impact on injectivity. A low reservoir permeability (half of the reference case) could more than 
double the number of wells required for a larger project, significantly increasing the capture costs and 
surface footprint of such a project. Since a minimal surface footprint was deemed an inherent part of 
“feasibility” (Garnett et al, 2019) encountering the “low” case reservoir would give cause for major 
revision. 
• Containment was assessed in terms of plume area and the percentage of the injected CO2 which 
migrated vertically into the Transition Zone.  
• Porosity was found to have the biggest impact on plume area. Simulations of low porosity cases (with 
effective porosities in the Blocky Sandstone Reservoir of 0.7 times the reference case) had plume areas 
of up to 1.37 times the reference case plume area. Permeability did not significantly affect the total 
plume area (± 8%) but did change how the plume continued to grow after injection stopped, and may be 
important for long term plume prediction.  
• The largest plume area, which was for the larger scale injection scenario and low porosity case, was 
around 490 km2, which is just over one percent of the total area of the Blocky Sandstone Reservoir 
(48,815 km2). 
• The plume of supercritical CO2 did “spread” around the wells, but did not “migrate” away, remaining in 
the area around the notional injection sites throughout the simulated injection period, and 100 years 
post-injection. This is due to the relatively high density of CO2, and very low dip around the notional 
injection sites (which was one of the main, risk-reduction criteria used to select the sites) reducing 
migration due to buoyancy effects.  
• The Transition Zone vertical permeability and wettability/capillary pressure were the most significant 
parameters affecting vertical migration of CO2. In the worst case (zero capillary pressure) simulated,  
only 3.1% of the total injected CO2 had migrated into the Transition Zone 100 years after injection 
stopped. CO2 did not migrate above the lowermost 25m of the Transition Zone in any of the simulations. 
This was consistent with the observations noted in Rodger et al. 2019c. 
• The models used for this study were relatively simple, and tested only one parameter at a time – it may 
be that different combinations of parameters could lead to results out with those presented in this 
document. There is also a possibility that the effects of reservoir heterogeneity were not captured in this 
large scale model. Further work is not warranted until site specific data are acquired. 
• This study did not address any of the uncertainties regarding the structure of the Blocky Sandstone 
Reservoir, Transition Zone and Ultimate Seal. The grid in all the simulations was the same, and thus 
could not be used to test the impacts of changes in dip, reservoir thickness, or the location of the pinch 
out of the Blocky Sandstone Reservoir. 
• It would be recommended that more detailed studies investigating sensitivities to combinations of 
parameters, assessing the effects of heterogeneity on plume spread, and of uncertainties in structure, 
are carried out post-appraisal, when the properties and structure of the Blocky Sandstone Reservoir, 
Transition Zone and Ultimate Seal are better understood in the specific sites identified. 
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2. Introduction 
The University of Queensland Surat Deep Aquifer Appraisal Project (UQ-SDAAP) has created a number of 
notional field development plans, representing options for commercial scale CCS in the Surat Basin. These 
are not actual development plans, but are instead intended to represent technically feasible (and 
operationally reasonable) options for such a development. They are considered “lowest risk” not “lowest 
cost” or optimal. To create these notional field development plan options the team has undertaken a 
substantial body of work to: 
• Reinterpret and develop a significantly updated version of the structure and stratigraphy in the deepest 
parts of the Surat Basin using seismic, core and wireline log data. It has identified the Blocky Sandstone 
Reservoir as the notional injection target (La Croix et al. 2019a, 2019b, 2019c; Gonzalez et al. 2019a, 
2019b), with an overlying Transition Zone and Ultimate Seal making up the Storage Complex. 
• Analyse and interpret available subsurface data (wireline logs, core samples, and dynamic well tests) to 
estimate the rock properties (porosity and permeability, etc.) of the deep parts in the Surat Basin, in 
particular focusing on the Blocky Sandstone Reservoir, Transition Zone and Ultimate Seal (Harfoush et 
al. 2019a, 2019b, 2019c; Rodger 2019b). 
• Identify notional sweet-spots for injection, which minimise risk based on avoidance of unfavourable 
surface and subsurface features (Wolhuter et al. 2019a). 
• Build various static models representing  a range of rock properties (porosity and permeability) in the 
Blocky Sandstone Reservoir, Transition Zone and Ultimate Seal based on several realizations of the 
possible depositional environment at the notional injection sites (La Croix et al. 2019e; Gonzalez et al. 
2019b). 
• Develop a notional well design for CO2 injection wells, based on the current “Base Case” estimates for 
reservoir properties (Rodger 2019d) 
• Use dynamic models to simulate CO2 injection for a variety of development options (CO2 delivery 
profiles, well length and spacing) and for different reservoir “cases” to explore the range of reservoir 
properties and their effects on CO2 flow (Ribeiro et al. 2019a) 
One of the main challenges affecting UQ-SDAAP was the lack of subsurface data available from the areas 
identified as notional sweet-spots for injection. This was overcome by using properties of the Blocky 
Sandstone Reservoir, Transition Zone and Ultimate Seal in the areas where data was available and project 
these into the area of interest. Properties were adjusted based on geological trends in depth and sandiness 
to represent the expected properties in the notional injection areas. The resulting estimates of these 
properties were then used to populate for dynamic simulations. Since the estimated properties could not be 
validated (and will not be validated without further data acquisition), and for this reason there remains 
significant uncertainty regarding the properties of the reservoir in the notional injection areas. 
UQ-SDAAP used two approaches to addressing these uncertainties. The first involved creating a range of 
static reservoir models that captures the range of geologically plausible depositional environments at the 
basin centre with matching properties that envelop the expected variation in porosity and permeability. These 
were used in dynamic simulations and allowed UQ-SDAAP to identify notional development plans that 
appear to be technically feasible in the circumstances represented by each of the models (Ribeiro 2019).  
This document describes a second approach to addressing the uncertainties regarding the properties of the 
subsurface around the notional injection sites. This approach involves simulating injection using the base 
case reservoir properties used in notional field development plans, but modifying key parameters one at a 
time for each simulation. This task was performed using CMG’s CMOST software (CMG 2018a). Simulation 
results were analysed to assess the impacts of changes in reservoir properties on two key subsurface output 
criteria for such a project: 
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1. Injectivity – If different reservoir properties were encountered at a notional injection site once a new well 
is drilled in future, injection rates per well, and thus the number of wells required to achieve the desired 
injection volumes over time would change, which would therefore impact the cost of the notional CCS 
project. As some of the cases were unable to achieve the desired injection, the results are presented in 
terms of tonnes of CO2 injected per well, where higher values would typically be associated with lower 
cost per tonne 
2. Containment – One concern that often surrounds CO2 injection projects is migration of the CO2 plume 
after injection. The supercritical CO2 plume area (km2) is presented for each simulation to indicate the 
parameters that most significantly impact CO2 movement within the Blocky Sandstone Reservoir (i.e. 
lateral containment). In addition, the percentage of the injected CO2 that migrates vertically from the 
Blocky Sandstone Reservoir into the Transition Zone is used as a measure of the impact of each 
parameter on vertical containment 
Comparisons of these results for the various simulations are intended to help identify the parameters that 
would be expected have the most significant impacts on likely success of a CCS project in the Surat Basin, 
and thus inform a data gathering program. 
3. Reference cases 
Two different injection scenarios were used as reference cases for the sensitivity study. Both used the base 
case UQ-SDAAP notional injection sector model, but with different CO2 delivery schedules. The base case 
UQ-SDAAP notional injection sector model is the model that represents UQ-SDAAPs current best estimate 
of the structure and properties of the Blocky Sandstone Reservoir, Transition Zone and Ultimate Seal in the 
deeper part of the Surat Basin at the identified notional injection sites.  
 Model grid and boundary conditions 
The notional injection sector model covers an approximately 7475 km2 (115 km north to south by 65 km east 
to west) area in the southern portion of the Surat Basin (Figure 11). All three notional injection sites are 
located within this area. The model grid was created by re-gridding part of the UQ-SDAAP regional static 
model (Gonzalez et al 2019b) with a corner point grid, using approximately 500 m x 500 m cells. The re-
gridding process is described in detail in Rodger et al. 2019e. 
The resulting grid had up to 21 layers (depending on location) within the model, with a cumulative thickness 
of between 250 m and 400 m. The total number of layers varied due to the ‘pinching out’ of the Blocky 
Sandstone Reservoir, and some of the lower parts of the Transition Zone near the western side of the model.  
The parts of the overall storage system represented by these layers is outlined in Table 1 and shown in the 
cross section in Figure 2. This figure also shows the refined cells (100 m x 100 m x 5 m) in the top layer of 
the Blocky Sandstone Reservoir for the area around the notional injection sites. These cells were refined to 
allow more accurate modelling of the CO2 plume migration. Cells around the wells in these models were all 
refined to the same size. 
The south, east, and west boundaries were defined as a number of ‘leaky’ aquifers (i.e. they would allow flow 
out of the model and into an assumed “aquifer” external to the model domain). These were modelled as 
analytic aquifers within CMG GEM functionality (CMG, 2018). This method makes use of dimensionless 
pressure and time terms to calculate the flow between the blocks at the edge of the reservoir model and the 
external ‘aquifer’ (Carter and Tracy 1960). The defined external aquifers were connected to different zones 
within the model and had properties dependent on the zone to which they were connected. For example, a 
“Blocky Sandstone Reservoir aquifer” would be represented as having higher permeability than a “Transition 
                                                     
1 Note that “geological structures” on this figure represent historic views of underlying Bowen Basin structuration and not faults at the 
Precipice BSR level. 
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Zone aquifer”. The northern boundary was slightly more complex, designed to allow the Managed Aquifer 
Recharge (MAR) in the north of the Surat Basin to be represented in the model. This boundary is discussed 
in detail in section 5.3 of Rodger et al. 2019e, but in principle, it required the addition of cells with high 
“volume" to represent the extensive aquifer volume that exists between the MAR injection sites and the 
northern boundary of the notional injection sector model. A well at the north of these additional cells was 
controlled to inject water until 2054 at the estimated rates for the MAR scheme as indicated by OGIA 2016. 
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Figure 1 Map indicating extent of notional injections sector model relative to Blocky Sandstone Reservoir 
structure and the three notional injection sites (green circles).  
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Table 1 Notional injection sector model layers. The colour column refers to Figure 1. 
Layer(s) Description 
Total Thickness 
(m) 
Colour 
(Figure 2)  
1 
"Hutton Sandstone"  
(Top Boundary Condition) 
100 █ 
2 Ultimate Seal 35 - 115 █ 
3 - 11  Transition Zone 80 - 150 █ 
12 - 20  Blocky Sandstone Reservoir  0 - 125 █ 
21 
"Below Unconformity"  
(Bottom Boundary Condition) 
20 █ 
Figure 2 West-east cross section indicating layering in the notional injection sector model. Colours 
indicate parts of model as outlined in Table 1. The left side scale shows depth in meters (true 
vertical depth subsea). The dark area at the top of the Blocky Sandstone Reservoir (yellow) in 
the deeper part of the model is the area where cells have been refined to more accurately 
model CO2 plume migration. Also note the fault near the east of the figure. 
 
 
 Grid properties 
The base case model was populated with effective porosity, as well as horizontal and vertical permeability by 
upscaling the mid-case properties from the UQ-SDAAP regional static model. Two different upscaling 
methods were used; volume weighted arithmetic averaging for effective porosity, and Petrel’s ‘flow-based 
upscaling’ for the permeabilities (Rodger et al. 2019e). Histograms of the resulting grid properties in the 
Blocky Sandstone Reservoir and Transition Zone/Ultimate Seal are shown in Figure 3 and Figure 4 
respectively. 
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In the Blocky Sandstone Reservoir, mean porosity was 12.7%, while horizontal permeability was typically 
between 1 md and 100 md (with an arithmetic mean of 44 md). The vertical permeability in this interval was 
around 0.15 times the horizontal permeability. 
In the Transition Zone and Ultimate Seal, the porosity and permeability were generally much lower (mean of 
6%) than in the Blocky Sandstone Reservoir, while the horizontal permeability was typically two to three 
orders of magnitude lower than in the Blocky Sandstone Reservoir. Vertical permeability in these intervals 
was very low, typically 10-6 to 10-3md. 
Figure 3 Histograms of grid properties for the Blocky Sandstone Reservoir cells in the base case notional 
injection sector model. Note the x axis scales for horizontal (left) and vertical (centre) 
permeability are different. Vertical permeability is typically around 0.15 times horizontal 
permeability for cells in this model.  
 
Figure 4 Histograms of grid properties for the Transition Zone and Ultimate Seal cells in the base case 
notional injection sector model. Note the x axis scales for horizontal (left) and vertical (centre) 
permeability are different, and also different from the equivalent histograms in Figure 3. 
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 Fluid model 
The fluid model is described in detail by Ribeiro et al. 2019a, and will only be briefly outlined here. A 
compositional fluid model using the Peng-Robinson equation of state was created. The viscosity of the fluids 
was modelled using the correlations of Jossi, Stiel, and Thodos, with default coefficients. Solubility was 
modelled using Henry’s law with Henry’s constant determined by the Harvey correlation, making the solubility 
a function of pressure, temperature and salinity. 
Water salinity in the reference case was considered to be 3000 ppm of NaCl, based on produced water from 
the Moonie field, which varies between 1000 and 5000 ppm. The water density and viscosity were calculated 
via Rowe-Chou and Kestin correlations, respectively. 
The simulations included thermal modeling, which was deemed necessary due to the impact of temperature 
on the density of CO2, and thus on volumetric injection rates (Ribeiro et al. 2019a). Figure 5 shows the 
density of CO2 at pressures and temperatures that may be encountered in the reservoir. In an isothermal 
model, the CO2 at the bottom of the well would be considered to be at reservoir temperature (up to 85°C). In 
reality, the CO2 would likely be much cooler than the reservoir (Rodger et al. 2019d) and thus lower 
volumetric rates would be required (due to the relatively higher density of the CO2 as it enters the reservoir).  
Figure 5 CO2 density from 20,000 to 40, 000 kPa at 35, 50 and 70°C.   
 
 Relative permeability and capillary pressure 
Relative permeability curves were created based on core analysis from the West Wandoan 1 well (Rodger et 
al. 2019a). The base case relative permeability curves, which have a residual water saturation (Swr) of 40% 
and a maximum relative permeability to CO2 (krg) of 0.18, are shown in Figure 6a.  These are the drainage 
(i.e. CO2 displacing water) curves. Imbibition curves were not defined. Instead, the maximum residual 
saturation of CO2 was defined as a parameter in the GEM input.This allows GEM to evaluate imbibition 
curves that leave the drainage curve at any saturation (i.e. even if Swr is not reached). A value of 0.35 was 
input as the base case value for the residual saturation of CO2. 
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Figure 6 (A) Drainage relative permeability curves used for all cells in the base case notional injection 
sector model, (B) J-function curves for the Blocky Sandstone Reservoir (solid line) and 
Transition Zone/Ultimate Seal (dashed line), and (C) Capillary pressure curves calculated using 
the curves in ‘b’, and typical porosity/permeability values from the Blocky Sandstone Reservoir 
(solid line, Φ=0.12, k=44md) and Transition Zone/Ultimate Seal (dashed line, Φ=0.06, 
k=0.05md).  
 
Rather than defining capillary pressure curves, J-functions were used to model variations in capillary 
pressure caused by heterogeneity, particularly in the Transition Zone (Rodger et al. 2019b). The J functions 
used in the UQ-SDAAP models (Figure 6b) are based on the CMG GEM formulation, where capillary 
pressure of a cell is related to the porosity (ϕ) and permeability (k) of the cell based on the equation: 
𝑃𝑐 = 798 ×  𝐽(𝑆𝑤) × √(
𝜙
𝑘
)  
where J(Sw) is the value defined (e.g. in Figure 6b). The factor preceding the J term is a combination of a 
factor for converting units, and a term that can be varied within the dynamic model grid to represent spatially 
varying surface tension and contact angles (using the SRTNFG keyword in GEM). In the UQ-SDAAP base 
case model this term was considered constant at 25 throughout the model. Example capillary pressure 
curves (Figure 6c) are calculated using this value, the curves in Figure 6b, and typical porosity/permeability 
values from the Blocky Sandstone Reservoir (Φ=0.12, k=44md) and Transition Zone/Ultimate Seal (Φ=0.06, 
k=0.05md). The curve for the Transition Zone in Figure 6c (dashed line) is consistent with data from the 
Woleebee Creek GW4 and Moonie 12 wells. The curve for the Blocky Sandstone Reservoir suggests higher 
(albeit still low) capillary pressures than were observed in the Woleebee Creek GW4 core samples, although 
this may be reasonable due to the generally lower permeability (and increased depth) in the notional 
injection sector model compared to the Woleebee Creek GW4 well.  
 Wells and well control 
Two CO2 delivery schedules were used in the sensitivity analysis. These schedules involved delivery of CO2 
from up to three power stations: Milmerran (M), Kogan Creek (K) and Tarong North (T). Both schedules 
started injection in 2030 (referred to as year 0 in the schedules in Table 2 and Table 3). Note that the 
duration of peak injection in these schedules are on the whole slightly longer (and sometimes considerably 
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longer) than those developed from consideration of plant retrofit timing and the remaining technical lifetime of 
the three super critical plants being assumed (Garnett et al, 2019 and Gamma Energy Technology, 2019).  
3.5.1 Reference case 1 – MKMK 
The first schedule was based on injection of CO2 from two power stations; CO2 from Millmerran (M) into the 
two notional injection sites in the south, and CO2 from Kogan Creek (K) into the notional injection site in the 
north. The CO2 mass rates from these power stations were estimated based on current emissions in line 
studies conducted for the project by Gamma Energy Technology (2019). CO2 delivery to the notional 
injection sites is staged to represent sequential retrofitting of the power stations as the notional injection 
project progressed (ibid). 
Injection started in the south first, then additional CO2 sequentially alternated between north and south, with 
rate increases in years 3, 6, and 9 as the notional retrofit sequence progressed (Table 2). Each “stage” 
lasted 30 years, before the injection rates were stepped down, eventually stopping completely in year 39. 
This resulted in a total peak injection rate of 9.2Mtpa for 21 years.  
Table 2 Mass rates for the MKMK schedule 
Year 0 3 6 9 … 30 33 36 39 
North Injection 
Rate (Mtpa) 
0 2.2 2.2 4.4 … 4.4 2.2 2.2 0 
South Injection 
Rate (Mtpa) 
2.4 2.4 4.8 4.8 … 2.4 2.4 0 0 
For the MKMK schedule, a well head pressure constraint of 15,000 kPa (150 bar) for all wells was used as 
the reference case.  Based on this constraint and the base case reservoir model, a notional development 
plan was created after testing various configurations of well count, length, and layout (Ribeiro et al. 2019a). 
The notional development plan for this scenario required three horizontal wells at the north notional injection 
site, and two horizontal wells at each of the south notional injection sites.  
UQ-SDAAP have assumed an N+1 redundancy philosophy, where one additional well would be drilled at the 
north notional injection site, and one additional well at one of the south notional injection sites, which would 
mean two additional wells on top of those required to reach the injection targets. These additional wells 
would provide additional injection capacity such that injection could continue if any well became unavailable, 
whether this was planned or unplanned and have been defined in the sensitivity study.  
This meant nine wells were defined for all MKMK simulations (Figure 7), although not all wells were opened 
in every simulation. Instead, CMG’s AUTODRILL feature (CMG 2018) was used to bring wells online as 
required to achieve the pre-defined injection rates without breaching any other constraints (e.g. bottom-hole 
pressure or well head pressure limits). In this context wells only inject if needed, and thus it is possible to 
determine the number of wells that would be required for injection based on the specified schedule. As an 
example of this, Figure 8 shows the mass injection rates for the north notional injection site and MKTMK 
extended delivery schedule (see section 3.5.2 for details). The arrows indicate points where wells become 
limited by a pressure constraint, in this case well-head pressure. If another well is already injecting when this 
happens, the injection rate per well is redistributed to sustain the overall mass rate (blue arrows). If all 
currently injecting/open wells are limited by a pressure constraint, the next well in the queue will open and 
start injecting (red arrows). 
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Figure 7 Well layouts for the MKMK schedule. Refined cells are visible around each well. The apparent 
“wobbling” of some of the north wells is due to these refined cells, but is not expected to affect 
the results. 
 
Figure 8 An example of CMG GEMs AUTODRILL control for wells at the north notional injection site and 
MKTMK extended delivery schedule. Most of the time, all wells inject at the same rate. Arrows 
indicate points where wells become limited by wellhead pressure and either; (A) Injection is 
redistributed to other wells (blue arrows), or (B) All currently open wells are pressure limited, so 
the next well in the queue is opened and starts injection (red arrows). 
 
3.5.2 Reference case 2 – MKTMK extended 
The second schedule represented a larger CCS project, involving capture and injection of CO2 from all three 
power stations; CO2 from Millmerran (M) into the two notional injection sites in the south, and CO2 from 
Kogan Creek (K) and Tarong North (T) into the notional injection site in the north. This scenario also featured 
a longer injection period (50 years for each stage, and 62 years in total), as well as higher estimates for the 
CO2 capture rates from the individual power stations (Table 3).   
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Table 3 Mass rates for MKTMK schedule 
Year 0 3 6 9 12 … 50 53 56 59 62 
North Injection 
Rate (Mtpa) 
0 2.5 3.69 3.69 6.5 … 6.5 4.0 2.81 2.81 0 
South Injection 
Rate (Mtpa) 
2.54 2.54 2.54 6.18 6.18 … 3.64 3.64 3.64 0 0 
As in the MKMK scenario, injection from Millmerran started in the south in 2030, before injection from Kogan 
Creek began three years later. Three years further on, the rate at the north notional injection site was 
increased to represent injection of CO2 captured at Tarong North. The schedule then progressed, with the 
rates at each site increasing as the 2nd stages of CO2 capture at Millmerran and Kogan Creek are added in 
years 9 and 12 respectively.  Each “stage” lasted 50 years, before the injection rates were stepped down, 
eventually stopping completely in year 62. This resulted in a total peak injection rate of 12.68 Mtpa for 38 
years.  
A different approach was used to assess the injectivity and CO2 plume spread when considering the MKTMK 
scenario. Rather than only defining wells that had been required for the base case, a total of 18 wells spread 
between 3 notional injection sites (North, South1 and South 2) were defined for all cases, although not all 
wells would become active in every case. The notional injection sites were each set up with six 3.75 km long 
horizontal wells extending approximately radially from a notional well pad, but avoiding running in a NW-SE 
direction, to avoid limitations from in-situ stress (Figure 9). As in the MKMK scenario, CMG’s AUTODRILL 
feature (CMG 2018) was used to bring wells online as required to achieve the pre-defined injection rates 
without breaching any other constraints. An N+1 redundancy scheme was assumed, and thus two wells (one 
north, one south) would need to be added to the totals required in each simulation. The results are presented 
in terms of the wells required for injection, not including the redundant wells. 
Figure 9 Well layout at the south 1 notional injection site for all MKTMK simulations. The same layout 
was used at the other two notional injection sites. This figure shows one layer of cells only, 
which can be seen to “pinch out” at the bottom left of the figure. Also note the refined cells 
around the wells. For reference, large grid blocks are approximately 500m x 500m, and well 
completions are approximately 3.75km long each.  
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For the MKTMK case, a well head pressure constraint of 20,000 kPa (200 bar) for all wells was used as the 
reference case for simulations This had been determined to be a suitable method of achieving the required 
injection rate in previous simulations (Ribeiro, 2019). The effect of the lower well-head pressure limit of 
15,000kPa on the number of wells required for this schedule will be tested as part of this sensitivity study.  
The higher well head pressure meant several wells became constrained by bottom-hole pressure limits, 
which had been calculated as 90% of the estimated thermally reduced fracture pressure (Rodger et al. 
2019a).  
4. Parameters tested 
The base case was altered by changing individual parameters, one at a time, using CMG’s CMOST 
software. These parameters are listed in Table 4.The high and low values are estimates based on 
knowledge of the Blocky Sandstone Reservoir gained by the UQ-SDAAP team throughout the project.  The 
aim of these simulations was to test which of these parameters were likely to most significantly impact the 
success of a CCS project, by assessing how the injectivity and containment change as each parameter is 
varied.  
The aim of this work was not to test the full multivariate “parameter space”. The behaviour of different 
combinations of these parameters would lead to a much wider range of outputs than are presented in this 
report. This could be tested as part of a more detailed study when further data (e.g. gathered during an 
appraisal program) allows improved estimates of the properties of the subsurface in the notional injection 
locations. 
For the properties that vary spatially, such as the porosity and permeability, multipliers were used to modify 
the property for every cell in the relevant layers of the grid. This retained the spatial variation of the 
parameters, while scaling the mean value. Most of the other parameters were altered by changing the 
relevant term in the CMG input files. The only minor exceptions to this were the terms relating to the relative 
permeability and capillary pressure curves. The relative permeability curves were altered using terms for the 
end points of the curves, that is; the residual saturations of water and CO2, and the maximum relative 
permeability to CO2. The values used for these endpoints were based on the data collated in Rodger et al. 
(2019b). GEM scales the previously defined relative permeability curves to these end points. Example 
drainage relative permeability curves scaled to the high and low case residual water saturations, and high 
and low relative permeability to CO2 are shown in Figure 10. The imbibition curves were not defined, but 
were scaled to the residual saturation of CO2 (per section 3.4). 
Figure 10 (A) Drainage relative permeability curves used for all cells in the high and low residual water 
saturation cases. (B) Drainage relative permeability (to CO2) curves as used in the high and low 
relative permeability to CO2 cases.  
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Table 4 Parameters tested in the sensitivity studies. * indicates mean/typical values are shown in this table. The reference case in bold.  
Parameter 
 Ranges  
Comment 
Low Mid High 
Blocky Sandstone Reservoir 
Effective Porosity 
8.7% 12.7%* 16.7% 
From Petrophysics (Harfoush et al. 2019a, 2019b, 2019c).  
Modified using multiplier in CMG GEM 
Blocky Sandstone Reservoir 
Horizontal Permeability (kh) 
22md 43md* 87md 
From Petrophysics (Harfoush et al. 2019a, 2019b, 2019c).  
Modified using multiplier in CMG GEM 
Rock Compressibility 2.6 x10-7 kPa-1 4 x10-7 kPa-1 5.2 x10-7 kPa-1 From Petrophysics (Harfoush et al. 2019b) 
Blocky Sandstone Reservoir 
Permeability Anisotropy (kv/kh) 
0.12 0.15* 0.3 
From Petrophysics (Harfoush et al. 2019c). Tested for MKMK schedule only. 
kv Modified using multiplier in CMG GEM 
Transition Zone Vertical 
Permeability (kv) 
0.2x Varies 50x kv modified using multiplier in CMG GEM 
Maximum Relative 
Permeability to CO2 (krgmax) 
0.1 0.18 0.3 Based on previous core analysis - see Rodger et al. (2019b) 
Capillary Pressure Curve 
SRTNFG factor 
0 and 12.5 25 30 Modified by altering SRTNFG in CMG GEM (factor for J function – section 3.4).  
Residual Water Saturation 
(Swr) 
0.25 0.4 0.55 Based on previous core analysis - see Rodger et al. (2019b) 
Residual CO2 Saturation 0.2 0.35 0.5 Based on previous core analysis - see Rodger et al. (2019b) 
Temperature 80°C 85°C 90°C 
Temperature at 2100m (TVDSS) in the model.  
From Petrophysics (Harfoush et al. 2019) 
Salinity 1000ppm 3000ppm 5000ppm Based on salinity of produced water from Moonie oil field. 
BHP Limit 32,500 kPa 39,500* kPa n/a 
From Geomechanics (Rodger et al. 2019a). Note that high BHP limit from Rodger 
et al.  (2019a) cannot be reached, even with high WHP. 
WHP Limit 15,000kPa 20,000kPa 
Reference case was 15,000kPa for the MKMK schedule, and 20,000kPa for the 
MKTMK schedule.  
Skin -2 0 10 Based on range of values from well tests in Garnett et al. (2012)  
Tubing Radius 0.05m 0.06m 0.076m 
Only tested in MKTMK models.  
See Rodger et al. (2019b) for discussion on tubing sizes.  
 UQ-SDAAP  |  CO2 injection sensitivity study 20 
 
Capillary pressure curves were modelled using J functions (Section 3.4). To test cases where the capillary 
pressures were higher or lower (representing changes in the wettability of the system), alternate values were 
used for the SRTNFG term used in GEMs capillary pressure calculations. This does not change the shape of 
the curves, but simply scales them. For example, using a value of 12.5 in place of the base case 25 would 
half the capillary pressure. An additional “low” case with zero capillary pressure was also tested, 
representing a case where the Transition Zone rocks are CO2 wet (Rodger et al. 2019)   
5. Results and discussion 
 Injectivity 
The impact of each parameter on injectivity was assessed by comparing the mass of CO2 injected per well 
for each simulation. For clarity, this is the total cumulative mass of CO2 injected divided by the total number 
of wells required. For the MKMK reference case this was a total of 279 Mt across seven wells, giving an 
average of 39.8 Mt per well. The results for the other MKMK simulations are presented as a percentage of 
this reference case in Figure 11 
For the MKTMK extended reference case a total of 631 Mt was injected, again through seven wells (made 
possible due to the higher well-head pressure constraint in this case), giving an average of 90.1 Mt per well. 
The results for the other MKTMK extended simulations are presented as a percentage of this reference case 
in Figure 12. 
Figure 11 Mass of CO2 injected per well for MKMK cases, presented as a percentage of reference case 
value (39.8 Mt/well).   
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Figure 12 Mass of CO2 injected per well for MKTMK extended cases, presented as a percentage of 
reference case value (90.1 Mt/well).   
 
One potential issue with this comparison is that the actual impact of each parameter may not be well 
represented proportionally, due to the discretisation caused by opening one extra well. To demonstrate this, 
the cumulative injection for northern wells in the “MKMK – Low Reservoir kv” case is shown in Figure 13. 
This figure shows an example of a case where the final well is required to maintain the target injection rate, 
but only at the very end of the injection period. This additional well creates a step decrease in the apparent 
mass of CO2 injected per well, regardless of the mass injected by the last well. To account for this, an 
additional comparison, where the lowest injecting well (the last well to start injecting) was removed from the 
analysis, is presented. The mass injected by this well was subtracted from the total mass injected, and the 
mass of CO2 injected per well was recalculated using this lower mass, and with one less well. For the MKMK 
reference case, this resulted in an adjusted value of 44.5Mt per well. For the MKTMK extended case the new 
value was 102.5 Mt per well. These reference case values were used as the basis for the comparisons 
shown in Figure 14 and Figure 15.  
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Figure 13 Cumulative Mass of CO2 injected for north notional injection site wells in the “MKMK – Low 
Reservoir kv case”. Note that the last well to start injecting (pink line) only injects for five years, 
and its cumulative injected CO2 is just over 3 Mt, compared to 35 Mt for the previous well.  
 
As an alternative method of assessing the impact of the various parameters on “cost”, the number of wells 
per Mt of injected CO2 was also calculated (in essence the opposite of the previous analysis). Again, this 
was repeated excluding the final well. The results for the MKMK and MKTMK extended cases are shown in 
Figure 16 and Figure 17 respectively, with the results excluding the last well (as described above) shown in 
Figure 18 and Figure 19. 
Of the reservoir properties tested, the permeability terms – including the vertical permeability in the  Blocky 
Sandstone Reservoir and Transition Zone, and maximum relative permeability to CO2 (“krgmax”) –  have the 
most significant impact on injectivity. A low reservoir permeability (half of the reference case) could more 
than double the number of wells required for a larger project, such as a project based on the MKTMK 
extended schedule. The effect appears less significant for the smaller MKMK project, where even a four-fold 
reduction in reservoir permeability (“Very Low Perm”) only increases the required wells per Mt injected to 
1.85 of the reference case.  
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Figure 14 Mass of CO2 injected per well for MKMK cases, excluding the well with the lowest injection, 
presented as a percentage of reference case value (44.5 Mt/well).   
 
Figure 15 Mass of CO2 injected per well for MKTMK extended cases, excluding the well with the lowest 
injection, presented as a percentage of reference case value (102.5 Mt/well).   
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Figure 16 Wells required per Mt of CO2 injected for MKMK cases.   
 
Figure 17 Wells required per Mt of CO2 injected for MKTMK cases.   
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Figure 18 Wells required per Mt of CO2 injected for MKMK cases, excluding the well with lowest injection.   
 
Figure 19 Wells required per Mt of CO2 injected for MKTMK cases, excluding the well with lowest 
injection.   
 
It is important to note that this lesser effect is likely due to the fact that only nine wells in total were defined in 
the MKMK cases. This meant that the three MKMK cases with poor injectivity (the low and very low 
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permeability cases, and the low fracture pressure case) were unable to meet the desired injection rate, but 
were not able to open more wells. If these wells had opened, they would be less efficient (i.e. would inject 
less CO2 in total) than the early wells due to the increased reservoir pressure caused by previous injection, 
and the limited time they would be open. Thus opening these additional wells would thus reduce the overall 
average CO2 injected per well, and increase the wells required per Mt of injected CO2. In the MKTMK cases, 
more wells were defined, and could therefore be opened to attempt to maintain injection over the prolonged 
injection period. Figure 20 shows the cumulative injected CO2 for the 12 wells in the two southern notional 
injection sites in the MKTMK extended – Low Reservoir Permeability Case. This reveals the last 6 wells to 
start injecting account for only 10% of the total mass of CO2 injected. While these issues regarding 
“inefficient” wells, may impact the magnitude of the effect on “cost”, the relative ranking of each parameter 
should remain the same (as the inefficient wells only open in cases where injectivity is poor anyway).  
Porosity and compressibility also impact the injectivity by changing how the pressure increases, or builds up, 
in the Blocky Sandstone Reservoir, and in the Transition Zone and Ultimate Seal. Lower porosity or 
compressibility is associated with a larger pressure increase and thus poorer long term injectivity. The effect 
appears less significant than for the permeability terms, despite the high and low porosity values in this study 
appearing to represent more extreme values than the permeability estimates. 
Poorer injectivity was also associated with lower residual water saturation. This effect can be explained by 
considering the relative permeability curves in Figure 6. Reducing the residual water saturation in the 
simulations “stretches” the curve. This means the relative permeability to CO2 remains lower for longer (as 
the saturation increases) and thus the effect appears similar to the case with lower relative permeability to 
CO2.  
 
Figure 20 Cumulative injection vs time for the 12 wells across the two southern notional injection sites in 
the MKTMK extended – low reservoir permeability case. Note that 6 of the 12 wells inject for 
less than 20 years (injection ends in 2088), and inject less than 30Mt in total, or around 10% of 
the total injection for all 12 wells.  
 
 
Other parameters that have significant impact on injectivity were those associated with the wells and how 
they were controlled. Reducing the injection pressure, whether by reducing the well-head pressure for the 
MKTMK extended case, or by reducing the bottom-hole pressure (fracture pressure) in the MKMK case, 
reduced the mass of CO2 injected per well. The simulated injected mass per well for the MKTMK extended 
case with low well-head pressure constraint (15,000kPa) was around 40% of the reference case value, 
which had a well-head pressure constraint of  20,000kPa. Reduced tubing sizes (equivalent to 4.5” and 5.5” 
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tubing) were also associated with reduced injection rates and increased well counts compared to the 
reference case (7” tubing). 
Aside from a reduced bottom-hole pressure limit, which would be dependent on the fracture pressure 
determined during appraisal, the other well design and control parameters would need to be investigated as 
part of an optimisation process once the properties of the subsurface, and the project constraints, are better 
understood.  
Overall, this sensitivity study highlights the importance of permeability, including relative permeability, in 
relation to the well counts required for any large scale CCS project targeting the Blocky Sandstone 
Reservoir. The vertical permeability of the Transition Zone is also very important, as increased permeability 
in this interval allows fluids (mainly water) to migrate into the Transition Zone, reducing the pressure increase 
in the Blocky Sandstone Reservoir around the injection wells and allowing wells to inject at higher rates.  
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 Containment 
5.2.1 Plume area 
To assess the impact of each parameter on plume spread, the area of the plume of supercritical CO2 in the 
top model layer of the Blocky Sandstone Reservoir was calculated at each time step, using a cut off of 0.1% 
saturation of CO2 to define the limit of the plume. Example plots indicating the smallest (high porosity) and 
largest (low porosity) supercritical CO2 plumes at the northern notional injection site 100 years after injection 
ends are shown in Figure 21 for the MKMK cases, and in Figure 22 for the MKTMK extended cases. A 
comparison of the overall smallest and largest plumes is shown in Figure 23. To give some sense of scale, 
Figure 24 shows the plumes at all three notional sites for the MKMK reference case, relative to the Blocky 
Sandstone Reservoir and model boundaries. For reference, the largest total plume area across all three 
notional injection sites for any of the cases was around 490 km2, which is just over one percent of the total 
area of the Blocky Sandstone Reservoir (48,815 km2).  
In all cases, the plume of supercritical CO2 spreads radially around the wells, but didn’t “migrate” away, 
remaining in the area around the notional injection sites throughout the simulated injection period, and 100 
years post-injection. This is likely due to the relatively high density of CO2, and low dip around the notional 
injection sites (which was one of the criteria used to select the sites) reducing migration due to buoyancy 
effects.  
Figure 21 Supercritical CO2 plumes at the northern notional injection site, 100 years after injection ends 
for MKMK – high porosity and MKMK – low porosity cases. Colour in first two plots indicates gas 
saturation, with grey indicating areas with saturations below the 0.1% cut off.  
 
 
Figure 22 Supercritical CO2 plumes at the northern notional injection site, 100 years after injection ends 
for MKTMK – high porosity and MKTMK – low porosity cases. Colour in first two plots indicates 
gas saturation, with grey indicating areas with saturations below the 0.1% cut off.  
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Figure 23 Comparison for the Supercritical CO2 plumes at the northern notional injection site, 100 years 
after injection ends for MKMK – high porosity and MKTMK – low porosity cases. These were the 
smallest and largest plume sizes respectively. Colour in first two plots indicates gas saturation, 
with grey indicating areas with saturations below the 0.1% cut off.  
 
 
Figure 24 MKMK – Reference case supercritical CO2 plume100 years after injection ends compared to 
Blocky Sandstone Reservoir in the SDAAP notional injection sector model to give indication of 
scale. The plume around the northern notional injection site in this figure is somewhere between 
the plume sizes shown in Figure 21. 
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The total supercritical CO2 plume area across all three notional injection sites was plotted against time to 
give some indication of how the various parameters impact not only the plume size, but also the plume 
growth during and after injection. Figure 25 and Figure 26 show these plots for all notional injection sites 
combined for the MKMK and MKTMK extended cases respectively. Figure 27 shows the equivalent plot for 
only the northern notional injection site in the MKTMK cases. To try and give some perspective on the scale 
of the plumes, the right hand axis in Figure 27 indicates the equivalent radius of a circular plume with the 
same area as those simulated. 
These results indicate that the pore space available for CO2 to occupy, which is affected by porosity and 
residual water saturation, has the most significant impact on the simulated plume area. The overall plume 
area at the top of the Blocky Sandstone Reservoir was simulated to be 1.37 times larger for the low porosity 
case than the reference case model, and nearly 1.7 times larger than the high porosity case.  
The other properties which most significantly impacted plume area were the maximum relative permeability 
to CO2, and the reservoir temperature. Lower reservoir temperatures would be associated with lower plume 
areas as the higher density of CO2 under these conditions means the same mass of CO2 would take up less 
total volume in the reservoir (see Figure 5). The higher density of the CO2 would also mean there was less 
buoyancy acting to drive CO2 towards the top of the reservoir, or up-dip.  
Figure 25 Supercritical CO2 plume areas versus time for the MKMK cases. Darker grey area indicates the 
injection period. The Black line is the reference case. Dashed lines are those cases where 
desired injection rate could not be achieved due to poor injectivity and thus less CO2 was 
injected in total (e.g. very low permeability case). Key parameters (those with most significant 
impact on plume area) are indicated, along with area of plume as a percentage of reference 
case. Swr is residual water saturation. Krgmax is the maximum relative permeability to CO2. 
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Figure 26 Supercritical CO2 plume areas versus time for the MKTMK cases. Darker grey area indicates 
the injection period. The black line is the reference case. Dashed lines are those cases where 
desired injection rate could not be achieved due to poor injectivity and thus less CO2 was 
injected in total. Key parameters (those with most significant impact on plume area) are 
indicated, along with area of plume as a percentage of reference case. Swr is residual water 
saturation. Krgmax is the maximum relative permeability to CO2. 
 
Figure 27 Supercritical CO2 plume areas at the northern notional injection site versus time for the MKTMK 
cases. Darker grey area indicates the injection period. The black line is the reference case. 
Dashed lines are those cases where desired injection rate could not be achieved due to poor 
injectivity and thus less CO2 was injected in total. Key parameters (those with most significant 
impact on plume area) are indicated, along with area of plume as a percentage of reference 
case. Swr is residual water saturation. Krgmax is the maximum relative permeability to CO2. 
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Surprisingly, permeability appears to have little impact on plume area, apart from in the low permeability 
cases where injectivity is limited so much that the total mass of injected CO2 is decreased and thus the 
plume area also decreases. However, permeability does have an important impact on plume behaviour, 
particularly after injection ends. Figure 28 shows the combined plume area around both southern notional 
injection sites for the high and low permeability, and reference cases for the MKTMK schedule. 
Figure 28 Supercritical CO2 plume areas at the southern notional injection site versus time for the MKTMK 
permeability cases. Darker grey area indicates the injection period. Note that Low permeability 
case has largest plume area at end of injection (due to higher well count), but high permeability 
case plume grows more quickly after injection stops. 
 
Both the high and low permeability cases resulted in larger CO2 plumes around the southern notional 
injection site than the reference case. For the low permeability case, this seems to be due to the higher 
number of wells, while for the high permeability case the CO2 is more mobile, and migrates further from the 
wells which are injecting. After injection stops, the effect of the permeability becomes clear. The plume in the 
low permeability case does continue to grow, but more slowly than the high permeability case, which meant 
the plume area was similar at the end of the simulations (100 years). This variation in plume growth rates 
after injection stops indicates the important role that permeability plays in longer term plume stability. 
There would also be slightly larger areas around the notional injection sites where water would have 
increased levels of dissolved CO2 (Figure 29). Using a cut-off for molality of 0.002 mol/kg, the area at the top 
of the Blocky Sandstone Reservoir with elevated levels of dissolved CO2 was calculated. Figure 30 shows 
this area versus time for the MKTMK cases. This indicates that porosity is again the key parameter, due to its 
effect on the available pore space. Aside from porosity, the area with increased CO2 molality appears to be 
most significantly affected by changes in the well count. For this reason, cases where more wells were 
required, such as the low well-head pressure and small tubing cases, had larger areas with increased 
molality.  
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Figure 29 Comparison of the supercritical CO2 plume (red) with molality (green/blue colours) around the 
northern injection site in the MKTMK – high porosity case. The supercritical CO2 plume is the 
same as that shown on the left in Figure 22. The minimum contour for the molality plume is at 
0.002 mol/kg, and the darkest blue outside this indicates areas where CO2 levels have not 
increased during injection.  
 
Figure 30 Total area of increased molality in the top layer of the Blocky Sandstone Reservoir, plotted 
versus time for the MKTMK cases. The dark grey colour indicates the injection period. Key 
parameters (those with most significant impact on the area) are indicated, along with area of 
plume as a percentage of reference case. 
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It also seems important to discuss how these plume areas relate to the distance of the plume fronts from the 
notional well pads. The MKMK scenario simulations, using the reference case properties, resulted in a plume 
of supercritical CO2 which reached a maximum distance of 8.2 km from the northern notional well pad, 100 
years after injection stopped. Simulation results showed water with increased levels of dissolved CO2 
approximately 500m beyond the supercritical plume, at a distance of 8.7 km from the well pad.  
It is important to note that these are the distances from the well pad, not from the completion. In the models, 
the toe of each horizontal well was around 5.5km from the location of the notional well pad and the 
supercritical CO2 plume extended only 2.7 km beyond the end of one of the wells.  
For the MKTMK reference case, the simulated plume of supercritical CO2 reached a maximum distance of 
10.4 km from the well pad 100 years after injection stopped, with increased levels of dissolved CO2 12.3 km 
from the well pad. 
Using the distance of the plume front from the well pad (rather than simply the plume area) to describe the 
plume behaviour reveals how slowly the plume grows, particularly after injection.  Figure 31 shows how the 
distance of the plume front from the northern notional injection site well pad increased over time for the 
MKMK cases. This shows the plumes of both supercritical and dissolved CO2 almost instantly reaching a 
distance of 5.5 km from the well pad as they reach the toe of the well. The plumes then move reasonably 
rapidly during the injection period, flowed by much slower movement when injection stops. For the reference 
case, the supercritical plume front moved only around 1km over the 100 years after injection stopped, 
indicating a speed of only10m/year. The dissolved CO2 plume front moved even more slowly.   
Figure 31 The maximum distance of the simulated supercritical (left) and dissolved (right) CO2 plumes 
from the northern well pad for the MKMK cases. The black line is the reference case, and other 
lines represent cases where parameters had been varied. Darker grey area indicates injection 
period. Note that dissolved plume reaches further from the well pad, but grows more slowly after 
injection stops.   
 
As well as the lateral containment, the impact of the various parameters on vertical containment was 
assessed by comparing the percentage (by volume at reservoir conditions) of the injected CO2 that entered 
the Transition Zone by the end of the simulations, 100 years after injection ended (Figure 32). This value for 
the MKTMK cases varied between 1.3%, for the low vertical permeability in the Transition Zone, and 3.1%, 
for the case with zero capillary Pressure. For comparison, the more detailed Transition Zone test models 
presented in Rodger et al. 2019c resulted in between 0.45% and 3.6% of the injected CO2 entering the 
Transition Zone. The slight differences between these values from these two studies may be because the 
models in Rodger et al. 2019c had higher (and homogenous) permeability in the Blocky Sandstone 
Reservoir, and included a case with both higher permeability in the Transition Zone and zero capillary 
pressure. 
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Figure 32 Percent by volume at reservoir conditions of injected CO2 which migrates into the Transition 
Zone for the MKTMK cases.  
 
While the cases with zero capillary pressure and high vertical permeability in the Transition Zone resulted in 
similar percentages (2.8% and 3.1% respectively) of the injected CO2 entering the Transition Zone, there 
were important differences in this behaviour. In the case with high vertical permeability in the Transition 
Zone, more CO2 migrated into the Transition Zone during the injection period when pressures are high 
enough to overcome capillary threshold pressures, but after injection stops the flow rate of CO2 declines 
rapidly, limited by capillary pressures. In the case with zero capillary pressure, there is less migration during 
the injection period (limited by the lower permeability), but buoyancy driven migration continues after 
injection stops, ultimately resulting in a higher percentage of the injected CO2 entering the Transition Zone. 
The distance the supercritical CO2 migrates vertically is also different in these cases. In the case with zero 
capillary pressure, CO2 enters the transition zone across a larger area around the injection wells, but the 
very low permeability in the Transition limits the vertical migration, and the CO2 does not migrate beyond the 
lowest 15m of the Transition Zone throughout the simulation. This is again consistent with the models 
presented in Rodger et al. 2019c. In the case with high vertical permeability in the Transition Zone, 
supercritical CO2 flowed around 28m into the Transition Zone, albeit only in very small areas. It is important 
to note that this was still 80m below the base of the Ultimate Seal.  
  
 UQ-SDAAP  |  CO2 injection sensitivity study 36 
 
6. Conclusions 
The results of several simulations have been presented, with the intention of identifying parameters which 
would most affect the likelihood of success for a large scale CCS project targeting injection in the Blocky 
Sandstone Reservoir, particularly in relation to two key criteria: injectivity and containment. 
These simulations indicate that horizontal permeability in the Blocky Sandstone Reservoir is the most 
important factor influencing injectivity (c.p.). Halving the permeability meant that even using twice as many 
wells it was not possible to sustain the required injection rates throughout the injection period. As 
importantly, the surface footprint would have to grow considerably. The maximum relative permeability to 
CO2, and the vertical permeability in both the Blocky Sandstone Reservoir and Transition Zone also affected 
injectivity, but less so. 
Note that lateral flow continuity and the presence of lateral barriers and baffles is consider a low risk, 
following the geological and geophysical analyses described in La Croix et al. 2019a, 2019b, 2019c; and 
Gonzalez et al. 2019a, 2019b. However, the presence of faults in particular is a residual risk which needs to 
be appraised (Honari et al, 2019a, 2019b). 
Porosity had the most significant effect on the plume spread, both of supercritical CO2 and water containing 
elevated levels of dissolved CO2. The next most important parameters were residual water saturation, which 
can be considered to reduce the pore volume available to CO2, and reservoir temperature, which alters the 
density, and thus total volume and buoyancy, of CO2 in the reservoir. The width of the “rim” of dissolved CO2 
that extends beyond the supercritical plume varies with the reservoir properties and injection scenario, but 
was between 0.5km and 2.0km for all simulations in this study. 
One other key result from these simulations was that the plume of supercritical CO2 did “spread” around the 
wells, but did not “migrate” away, remaining in the area around the notional injection sites throughout the 
simulated injection period, and 100 years post-injection. This is due to the relatively high density of CO2, and 
very low dip around the notional injection sites (which was one of the criteria used to select the sites) 
reducing migration due to buoyancy effects.  
The effect of each parameter on vertical containment was assessed by comparing the percentage of the 
injected CO2 which managed to migrate upwards into the Transition Zone during the simulations. This 
revealed that (unsurprisingly) the Transition Zone vertical permeability and wettability/capillary pressure were 
the most significant parameters. However, it is important to note that only a maximum of 3.1% of the total 
injected CO2 had migrated into the Transition Zone 100 years after injection stopped, even in the worst case 
(zero capillary pressure) simulated, and that the CO2 did not manage to migrate beyond the lowest 25m of 
the Transition Zone in any of the simulations.  
It must be pointed out that these models did not test the full parameter space, and it may be that different 
combinations of parameters could lead to results out with those presented in this document. There is also a 
possibility that the effects of reservoir heterogeneity were not captured in this large scale model, and it would 
seem sensible to re-assess plume spread, and vertical CO2 migration, using more detailed models when 
more information is available regarding the reservoir properties. It would also seem beneficial to investigate 
the longer term behaviour of the CO2 plume post-injection. Even 100 years after injection, the plume was still 
growing (but slowly).  
Another limitation of this study is that it does not address any of the uncertainties regarding the structure of 
the Blocky Sandstone Reservoir, Transition Zone and Ultimate Seal. The grid in all the simulations was the 
same, and thus could not be used to test the impacts of changes in dip, reservoir thickness, or the location of 
the pinch out of the Blocky Sandstone Reservoir. These are all subject to uncertainties, such as those 
relating to seismic depth conversions, particularly in areas where there is limited well control.  
Overall, this study confirms a feasible, large scale injection scenario, albeit with some residual risk on non-
feasibility if “low case” reservoir permeability is encountered. Uncertainty in permeability, both in the Blocky 
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Sandstone Reservoir and Transition Zone, are extremely important for final evaluation of injectivity (and to a 
lesser extent containment), and should be tested as part of any appraisal plan. Multiphase behaviour (i.e. 
relative permeability and capillary pressure curves) also plays a very important role in both key criteria, and it 
would seem prudent to take core samples from the Blocky Sandstone Reservoir and Transition Zone to test 
these behaviours. These core samples would also allow porosity (the key factor when considering plume 
spread) to be determined. 
To reduce the risk that pressure rises occurring some time after injection, far-field changes in the reservoir 
faults, depositional or diagenetic reductions in reservoir continuity or connectivity must be appraised via 
extended well tests (Honari et al, 2019a, 2019b).  
The other parameters which would appear to most significantly impact a large scale CCS project were 
actually engineering/design aspects of the project, such as tubing sizes, and well-head pressure constraints. 
These would need to be investigated more thoroughly as part of a detailed optimisation study post appraisal. 
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